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Abstract-In characterizing ecological risks, considerable consensus building and professional judgments are required to develop
conclusions about risk. This is because how to evaluate all the factors that determine ecological risk is not well defined and is
subject to interpretation. Here we report on the application of a procedure to weigh the evidence of ecological risk and develop
conclusion, about risk that will incorporate the strengths and weaknesses of the assessment. The procedure was applied to characterize
ecological risk of chemical contamination in nearshore areas adjacent to the Portsmouth Naval Shipyard, located at the mouth of
the Great Bay Estuary, New Hampshire and Maine, USA. Measures of exposure and effect were used to interpret the magnitude
of risk to the assessment endpoints of pelagic species, epibenthic species, the benthic community, eelgrass plants, the salt marsh
community, and avian receptors. The evidence of chemical exposure from water, sediment, and tissue and the evidence of biological
effects to representative pelagic, epibenthic, benthic, eelgrass, salt marsh, and avian species were weighed to characterize ecological
risk. Individual measures were weighted by the quality and reliability of their data and risk was estimated from the preponderance,
magnitude, extent, and strength of causal relationships between the data on exposure and effects. Relating evidence of risk to
hypothesized pathways of exposure made it possible to estimate the magnitude of risk from sediment and water and express the
confidence associated with the findings. Systematically weighing the evidence of risk rendered conclusions about risk in a manner
that was clearly defined, objective, consistent, and did not rely solely on professional judgment.

Keywords-Estuarine Ecological risk assessment Exposure assessment Effects assessment Risk characterization

INTRODUCTION ecological risk 151. In this approach, each measurement end-

Overview point is weighted based on attributes of data quality, strength
of association to the assessment endpoint, and study design.

Ecological risks are characterized by using data from field Then the magnitude of response obtained for each measure-
and laboratory studies. Results from multiple measures of en- ment endpoint is summarized and conclusions about risk to
vironmental condition must be synthesized and reconciled, the assessment endpoints arc formulated based on the con-
Weighing multiple lines of evidence to develop conclusions currence among the weighted measurement endpoints f5].
has been used in many ecological risk [1,2] and sediment Here we present a case study on the use of the workgroup's
quality studies [3,4!. The weight of evidence provides a means approach for assessing ecological risks from the release of
of developing conclusions that are based on all the available hazardous chemicals [6.71 from the Portsmouth Naval Ship-

data. Generally, equal weight is given to each line of evidence. yard [8,9] located on Scavey Island, Maine, USA (Fig. 1). The
However, when lines of evidence are ambiguous or in conflict, approach was used to examine the strengths and weaknesses
final estimates of risk and harm require considerable profes- of the various measurements and assign an endpoint weight
sional judgment. Previously, the Massachusetts weight-of-cv- to each measure by evaluating the strength of association be-
idenec workgroup developed a methodology for assigning dif- tween the assessment endpoint and the measurement, the qual-
ferent weights to the measurement endpoints and recom- ity of its data, and the design of the study. The conclusions
mended a weight-of-evidence procedure for characterizing about risk were based on the amount of evidence (preponder-

ance), the degree of evidence for an exposure or an effect
* To whom correspondence may be addressed (magnitude), the spatial extent of the measured effects, and

(johnston@ spawar.navy.mil). the link between exposure and effects (causation). In the pro-
Contribution NHEERL-NAR-2148, U.S. Environmental Protec-

tion Agency, contribution 345, Jackson Estuarine Laboratory, Dur- cess, we improved and refined the procedures advocated by
ham, New Hampshire. the .......- -,hod conclusions about risk that could

1892 20060425007
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Fig. 1. Conceptual model for the lower Piscataqua River, New Hamp- Fig. 2. Details of conceptual model showing release of stressors, ac-

shire, USA, showing the location of the Portsmouth Naval Shipyard cumulation in depositional areas, settling, geochemical partitioning

(on Seavey Island, ME), sewage treatment plants (TP), the areas of between dissolved and solid phases, burial and degradation, loss to
concern (circles), and hypothesized waterborne transport in the es- the ocean, and therelationship ofthe assessment endpoints toexposure
tuarine system (arrows). from sediment, water, and diet.

contamination of the estuary from the shipyard's solid-waste
be used by the regulatory community and the interested public management units will be prevented [19].
and that helped the Navy develop cleanup strategies. The pro-
cedures, supporting data, and technical information are in- Conceptual model
cluded in the ecological risk assessment submitted by the Navy The approach recommended by the U.S. Environmcntal
[7]. Protection Agency (U.S. EPA) Risk Assessment Forum [20,21]

requires two types of information to characterize ecological
Background risks from contamination, i.e., chemical exposure in environ-

The estuarine system formed by the Great Bay and Pis- mental media (river water, sediments, and biota) and relations
cataqua River extends 20 to 25 miles into New Hampshire, between exposures (doses) and measurable ecological effects.
USA (Fig. 1). The estuary is fed by seven rivers, and more We characterized the ecological risk by relating measures of
than 220,000 people live within the watershed [10]. The es- chemical contamination to assessment endpoints in the estuary,
tuary is flushed extremely well [5,11,12]. Flushing times for where assessment endpoints are defined as the environmental
the lower estuary have been estimated at 1.6 to 2.2 d [12], conditions or processes that we desire to protect [22]. The
and for the headwaters, about 18 d 1121. The strong tidal cur- assessment endpoints consisted of the health and vitality of
rents scour the bottom of the main channel and leave a sub- pelagic species, epibcnthic species, the benthic community,
strate of gravelly sand [13), but the weaker currents in coves eclgrass plants, the salt marsh community, waterfowl, and
and channels deposit sediment [131. The bottom of the estuary birds of prey. In order to relate levels of exposure to potential
is covered with glacial tills, stratified deposits, and glacial effects on the assessment endpoints, receptors of concern (spe-
marine sediments. These sediments accumulate wherever river cies or communities of species that can be evaluated at the
flow is reduced. Deposits of muds and muddy sands are present site) in the Great Bay Estuary were identified for each as-
in coves and confined channels of the lower estuary [13], sessment endpoint [7].
including Clark and Jamaica Coves, the Back Channel, and In order to assess the ecological effects of contaminants
areas of concern around Seavey Island, Maine, USA (Fig. 1). released from the shipyard, a conceptual model was developed
These depositional areas provide habitat for a wide variety of [6,7] to predict their behavior after being released. The first
fish and invertebrates, including winter flounder, lobster, blue tier of the conceptual model describes the waterborne transport
mussels, eclgrass, and waterfowl [14]. Small marshes with of chemicals released into the estuary (Fig. 1). Important
well-developed substrata of peat arc also found within some sources of chemical pollution of Portsmouth Harbor included
of the depositional areas [151. the shipyard, the sewage treatment plants, up-estuary sources

Seavey Island has been used as a navy yard since before of Cr, Ni, and PAHs, and runoff from nonpoint sources. Con-
the Revolutionary War. The Navy's first submarines were built taminants that enter the river will be mixed quickly into the
at the Portsmouth Navy Yard, where more than 20,000 men water column. Chemicals that dissolve should then be diluted
and women worked during the height of World War 11 [16]. and flushed from the system, but those that persist and attach
Past practices at the shipyard resulted in the release of wastes themselves to particles will accumulate in the areas where
containing metals, cyanide, polychlorinated biphenyls (PCBs), sediments are deposited. These depositional areas will accu-
phenols, oils, and grease into the estuary [16]. From 1945 to mulate contaminants from all sources in the estuary (Fig. 2).
1978, hazardous wastes were disposed in a landfill created by Once chemicals become associated with the sediment, they
filling tidal flats with materials, which included sludge, sol- may bind to the solid phase, partition to the pore water, or be
vents, asbestos, blasting grit, incinerator ash, waste oils, and resuspended by tidal currents. Bioturbation, biotransformation,
spoils dredged from near the dry docks [171. A storage yard and bioaccumulation may then redistribute them. Chemicals
on the south shore of the island was also contaminated with will be buried wherever sediments accumulate fast enough.
Pb, Cu, Zn, PCBs, and other semivolatile compounds [181. Aquatic organisms can be exposed to chemicals present in the
Through ongoing cleanup activities at the shipyard, further water column, sediment, pore water, and prey (Fig. 2).
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Table 1. The scheme used to interpret the results of measures of exposure and effects

Type of Value
measure Degree of response Interpretation (Mi)

Exposure --Reference condition or below conservative Negligible exposure 0
benchmark concentration

>Reference condition Low exposure 1
Statistically > reference concentration Elevated exposure 2
>Conservative benchmark concentration High exposure 3
>Nonconservative benchmark concentration Adverse exposure 4

Effect Similar to reference or control condition or No effect 0
below ecologically relevant threshold

Worse than reference or control condition but Potential effect I
not statistically different

Statistically worse than reference or control Probable effect 2
condition

The fact that persistent chemicals are trapped close to the METHODS

organisms that live in depositional habitats means these areas
pose a greater ecological risk than nondepositional areas do.

We focused on ecological risks in nearshore depositional areas steps: Endpoint weights were objectively assigned to each

around Seavey Island (areas of concern) because they would measure of exposure and effect. The endpoint weight was

be most likely to accumulate contaminants from the shipyard based on the strength of the relationship to the assessment
(Fig. 1). We offer Clark Cove (Fig. 1) as an example of how endpoint, data quality, and study design (Appendix).

we weighed the evidence of risk to each area of concern. Clark The outcomes of the measures were interpreted based on

Cove was the major focus of the ecological risk assessment; whether the result added weight to the conclusion of risk or

more data on exposure and effects were obtained here than in no risk (Table 1). Summary tables for each assessment end-

any of the other areas studied. Because the procedure for the point and area of concern were constructed that contained all

other areas of concern was similar, we save space by omitting the information available to evaluate risk.

those analyses, whose details are contained in the Navy's eco- Definitions of risk were developed to interpret the results

logical risk assessment [7]. of the exposure and effects information (Table 2).

Scatter plots of the outcomes of the exposure and effect
Chemicals of concern measures were plotted versus their corresponding endpoint

In order for contaminants in the estuary to be linked with weights (Fig. 3). This allowed the results obtained for each

the disposal sites on the shipyard, there must be a plausible assessment endpoint to be visualized.

route from the waste sites to the estuary. Even though infor- A centroid was calculated that consisted of a weighted av-

mation on past releases from the shipyard is incomplete, it is erage of the outcomes (weighted by their endpoint weights).

certain that the shipyard has contributed pollutants to the es- The interpretation of risk and confidence in conclusions

tuary. Because the contaminants in the estuary could have were summarized for each assessment endpoint.

come from other sources as well, it was necessary to determine The evidence of risk was related to hypothesized pathways

which chemicals in the estuary were elevated and which of of exposure to estimate the magnitude of risk from sediment

those could have come from the shipyard. Chemicals that ex- and water and express the confidence associated with the find-

ceeded background soil concentrations for Seavey Island at ings. The details of these procedures are provided below.

the disposal sites, had a migratory pathway to the estuary, and Endpoint weights were assigned to each measure of ex-

showed evidence of a spatial gradient from the shipyard or posure and effect to reflect the reliability and usefulness of

exceeded thresholds of toxicity in sediment, water, and tissue the measure to assess risk to the assessment endpoint. For each

samples from the estuary were identified as contaminants of of the exposure and effects measures [6,7], the data quality,

concern for the risk assessment [7]. They were Pb, Hg, Cu, the strength of its association to the assessment endpoint, and

Cr, Ni, Zn, Ag, As, Cd, polycyclic aromatic hydrocarbons the study design were evaluated (Appendix). The weighting

(PAHs; individually and summed together), PCBs (individual procedure consisted of scoring the attributes of each measure

congeners and total PCB), and the pesticide compounds (in- as low, medium, or high, depending on how well the mea-

dividually and summed together as tDDx) dichlorodiphenyl surement data related to assessing stressor levels or ecological

trichloroethane, dichlorodiphenyl dichloroethane, and di- damage. Based on the scores assigned to the three categories

chlorodiphenyl dichloroethylene [7]. of attributes, the endpoint weight (Wi) for each measurement

Table 2. Interpretation of exposure and effect evidence in determining risk

Evidence of exposure
Evidence
of effect Negligible Low Elevated High Adverse

No Negligible Negligible Low Low Intermediate
Potential Negligible Low Intermediate Intermediate High
Probable Low Low Intermediate High High
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(A) Po 4agic (i) was determined by our professional judgment. The possible
endpoint weights were low (1), medium (2), or high (3). The

. = _endpoint weight represented our confidence in using the mea-
ab c 2 3 surement to infer harm to the assessment endpoint.

""C entroi, I Cergroid * To interpret the outcomes of exposure and effects mea-
,_ __surements, site-specific responses were compared to biologi-

u d 1 cally based benchmarks or to measurements obtained at ref-
0 erence sites (or under controlled conditions) and to the ex-

pected range of variation based on professional judgment (Ta-
(B) Epibent ic h ble 1). Benchmarks are concentrations in sediment, water, or

Z a:tissue that may give rise to biological responses when ex-
__ ceeded. Typically, measures of exposure were evaluated by

5ef Cenlroid i 567 comparing with benchmarks or reference conditions, and mca-
• ... sures of effect were evaluated by comparing them with ref-F. Centroid

-o crence (control) responses or with the expected range of var-
-u 4 8 iation. Chemical concentrations below conservative bench-

marks, such as the no-observed-effect concentration (NOEC)

(C) - - ____ -or effects range low (ERL) [23] were interpreted as negligible
M(C)Bthie 9 11 12 exposure. Concentrations above the NOEC were interpreted

10 as high exposure and concentrations above a nonconservative
"benchmark such as lowest-observed-effect concentration

k I m Centroid (LOEC) or effects range median (ERM) [231 were interpreted
C Cenro'd as adverse exposure. When benchmarks were not available for

-an exposure measure (e.g., chemical residues in celgrass
U.1 plants), the interpretation was negligible, low, or elevated

based on comparing the result with reference areas (Table 1).

-D - -ra For measures of effect, the interpretation was based on control
M (response (e.g., sediment toxicity) or responses obtained from

reference areas (e.g.. salt marsh species richness).

- P q 1 18 The evidence found for exposure and effects defined the", d 1"7:~ , " risk levels (Table 2). The more evidence of exposure and ef-

enlr id 16 fects, the greater the risk, while evidence of exposure or effect
Centrol without evidence of the other suggested lesser risk. Negligible

9 risk means that the data suggested no impacts and that there
was a general lack of evidence of exposure or effects. Low

(E) S;-lt-Mai -h risk means that the data suggested limited impact but there
was little correspondence between measures of exposure and
effect. Intermediate risk means that the data suggested there

""E 231 were potential impacts and that measures of effect were as-
= r Centroid 2D '2. 25Z 19 * "4A sociated with measures of exposure. High risk means that the72_ F data indicated large and persistent impacts and that there was

C a direct relationship between measures of exposure and effect.
Centroid To visualize the weight of evidence, scatter plots of the

outcomes of exposure and effects (Mi) were plotted versus
S(F) A ian No Potential Probable their corresponding endpoint weights (Wi). The scatter plots

Effect Level were used to evaluate the weight of evidence of risk for each
assessment endpoint (Fig. 3). A centroid weighted by the end-

E u point weights was calculated to help visualize the preponder-
S ,ance of the results. The centroid was used to aid in interpreting

"e the balance of exposure and effects information suggested by
the data. Measures with higher weight would tend to draw the

ocentroid in their direction. The centroid was plotted as (X,,,
1), where Y was the arithmetic average of the endpoint weights

Negli- Low Ele- High d-(Y = (I Wi)In) and X. the weighted average of the exposure
gible vated verse tExposure Level or effect outcomes (X, = (Y (Mi.W.))I/ Wi). For clarity, in-

dividual measures on the scatter plots were identified and the
Fig. 3. The outcome for measures of exposure and effects to (A) centroid's location was used to guide the interpretation of risk.
pelagic species, (B) epibenthic species, (C) benthic community, (D)
eelgrass plants, (E) salt marsh community, (F) avian receptors in If the centroid fell on a boundary between two outcomes, the
Portsmouth Harbor, and the centroid suggested by the weighted av- most conservative interpretation was chosen.
erage of the measures. See Table 5 for definitions of symbols used to Based on the evidence of exposure and effects, the mag-
represent the outcomes of measures of exposure and effects. nitude of risk (Ri) for each assessment endpoint (i) was ob-

tained from Table 2. The confidence level (Ci) in the risk
estimate was based on the average of the endpoint weights
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Table 3. Weights (WAM) used for calculating magnitude of risk from Table 4. Numeric values assigned to the magnitude of risk to
medium and confidence in conclusions; the weight was attributed assessment endpoint (R,) and confidence in conclusion (C') and cut-
between the two media to reflect the assumed predominant route of off values for determining magnitude of risk from exposure medium
exposure; because two routes of exposure were evaluated, the (R,1) and confidence in conclusion (Ct;)

maximum weight possible was 2
Magnitude of Magnitude of

Assessment Surface water Sediment risk to Numeric risk from
endpoint WM-,,1,r WM",i, assessment value, exposure

endpoint (Ri) Cut-off valueb medium (RM)
Pelagic 2 0
Epibenthic 1 1 Negligible 0 <0.50 Negligible
Benthic 0 2 Low 1 <1.25 Low
Eelgrass 1 1 Intermediate 2 <2.00 Intermediate
Salt marsh 1 1 High 3 -•3.00 High

Confidence in Confidence in
conclusion Numeric Cut-off conclusion
(Ci) value, valueb (CM)

and the extent of agreement between the various estimates. Low 1 <1.667 Low
For example, a tight scatter with high weight would increase Medium 2 <2.333 Medium

the confidence, while a broad scatter with lower weight would High 3 •53.000 High

decrease confidence. If necessary, we used professional judg- 'Numeric value is used to convert qualitative statement to a quan-

ment to qualify our conclusions. titative value (e.g,. negligible to 0) for use in calculating the weighted

average for R, and C.,.

Attributing risk to environmental nedia b Cut-off value is used to convert the quantitative value derived for
R,! and C, into a qualitative statement (e.g., R., = 1.6 to interme-

The risks to assessment endpoints were attributed to the diate).

exposure media (estuarine water and sediment) to relate risk

back to possible cleanup options for the site. The risk from RESULTS
the media (RM) and the confidence in the conclusion (CM) was

calculated as the weighted average of the risks to the assess- Endpoint weights

ment endpoints. Because individual assessment endpoints may An overall endpoint weight for each measure was deter-

preferentially offer information on exposures from surface wa- mined based on the qualitative scores (low, medium, and high)

ter or from sediment, the endpoints were weighted by the assigned to data quality, strength of association, and study

degree that we expected them to have been influenced by the design (Table 5). We judged data quality to be particularly

exposure media (Fig. 2, Table 3). For example, because the important, and so low-quality data were not used in the risk
measures used for the benthic assessment endpoint provided assessment. Data from the measurements were reported in [6]

more information about exposure from sediment than the mea- and [7].

sures used for the pelagic assessment endpoint, the benthic For assessing effects on pelagic receptors, data on phyto-

assessment endpoint was weighted higher than the pelagic as- plankfon biomass (estimated from concentrations of chloro-

sessment endpoint when assessing risk from exposure to sed- phyll a and phaeopigments), toxicity to fertilization of sea

iment (Table 3). Conversely, the measures used for the pelagic urchin (Arbacia punctulata), scope for growth of deployed

assessment endpoint provided the most information about ex- mussels (Mytilus edulis), and size, abundance, and spleen his-

posures from surface water, and the measures used for the topathology of winter flounder (Plueronectes americanus)

eclgrass, epibenthic. and salt marsh assessment endpoints pro- were used. The overall weights for biomass of phytoplankton

vided information on exposures from both sediments and sur- and abundance and size of flounder were low (Table 5) because

face waters, these measures may be affected by many other factors besides
chemical stressors (which makes the basis for inferring harmTo convert the description of risk and confidence to a nu-

merical value, values were assigned to the levels of risk and to pelagic species weak) and because the sampling design did

confidence (Table 4). The magnitude of risk (Ri) and the con- not adequately account for temporal and spatial variability.
fidence level (C) for each assessment endpoint were assigned For toxicity to sea urchins, data quality was weighted medium

because the 48-h holding time for the toxicity samples was

a numeric value (Table 4) and weighted (Table 3) to estimate eexceeded; study design was also weighted medium because it
the risk caused by exposure to sediment and water. The mag- was tested during only one sampling period; and strength of
nitude of risk from a medium then became R54 = (X RrWMh)I association was high because toxicity to sea urchin larvae

i WMs and the confidence CM an assCWMe)/Xd WM i, where Ri implies a potential impact to pelagic species that broadcast

is the magnitude of risk for an assessment endpoint i, C• is their sperm and larvae to the water column. This endpoint was

the confidence in the risk for the same endpoint, WMi is the given an overall weight of medium. Scope for growth in de-

weight used to evaluate the risk (Table 3), and cutoff values ployed mussels was weighted medium overall because it may

(Table 4) were used to determine the magnitude of risk from be insensitive to chemicals while correlating strongly with

exposure medium (RM) and confidence in conclusion (CM). If somatic growth. Unfortunately, scope for growth was inca-

any of the assessment endpoints did not apply to a specific sured only once, and the reference station used to evaluate the

area of concern, we excluded them from the calculation. By results may not have represented the areas of concern. For

relating the risk to the exposure media, we were able to assess measures of spleen histopathology, there is a good correlation

the degree to which sediment and water contributed to the of contaminants to pathological effects, but abnormal spleen

various risks. pathology was observed in winter flounder collected from both
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Portsmouth Harbor and the Gulf of Maine reference area [7]. richness, and evenness of benthic infauna and toxicity to am-
The measure of spleen histopathology was assigned an end- phipods (Ampelisca abdita) were evaluated. For assessing ex-
point weight of medium (Table 5). posure, concentrations in bulk sediments, enrichments of met-

For exposure of pelagic receptors, the concentration of als in sediments relative to crustal ratios [24,25], differences
chemicals measured in estuarine surface water was weighted between concentrations of acid-volatile sulfides (AVS) and
medium overall, with its data quality weighted high and its simultaneously extracted metals (SEM) [26], and pore water
strength of association and study design medium. The con- concentrations of organic compounds predicted by equilibrium
centration of chemicals measured in seep samples was rated partitioning [27] were evaluated. Because these measures were
low overall, with high data quality, but the strength of asso- less uncertain than those for the other assessment endpoints,
ciation and study design were low because seeps are diluted we weighted them higher (Table 5). Even so, benthic organisms
rapidly as they enter the harbor and the seeps were not sampled may be affected by stresses other than chemicals (e.g., enriched
frequently enough. Accumulation of contaminants in tissues nutrients, type of sediment substrate, intraspecies competition,
of deployed mussels was weighted medium overall, with a and patchiness). Sources of uncertainty included nonequilib-
high strength of association and high and medium for data rium partitioning for concentrations in pore water and lack of
quality in the two cases. The study design was weighted low seasonal data for AVS. Although benchmark concentrations of
because the two deployments of the caged mussels used dif- chemicals in sediments are generally available, causal rela-
ferent stations and different durations (one month and three tionships between elevated concentrations and composition of
months). Residues of contaminants in flounder liver and fillet benthic communities remain unclear [3-51.
tissues were weighted medium because the quality of the data For assessing effects on eclgrass (Zostera marina), its mor-
was high, there was a medium strength of association between phology (length and biomass of leaves and roots/rhizomes),
the accumulation of contaminants in flounder tissues and ex- its density of reproductive and vegetative shoots, its number
posure to pelagic receptors, but the study design (low) lacked of leaves per shoot, and the spatial distribution of its beds were
the ability to distinguish between spatial, temporal, and natural evaluated. To assess its exposure to chemicals, chemical con-
variations 17]. centrations in its leaves, tissues of roots/rhizomes, and bulk

Measurements of winter flounder's abundance, size, his- sediment from its beds were evaluated. Most of the measures
topathology, and tissue residues and adult lobster abundance, of effects on eclgrass were weighted medium (and one of six
size, and tissue residues were evaluated for Portsmouth Harbor low) (Table 5) because benchmark concentrations for eelgrass
as a whole. While dcmersal fish and lobsters can indicate the are not available, because effects have not been correlated with
levels of environmental pollution well because they live rel- contamination, and because the scientific basis for inferring
atively long, they associate closely with sediment, and they environmental harm from measurements of celgrass is still
feed mainly on benthic invertebrates, they may not stay in weak. Although chemicals in eclgrass are biologically medi-
close proximity to the site, resulting in uncertainty in relating ated, data are lacking that relate concentrations to eclgrass
results back to contamination originating from the shipyard. effects.

For assessing effects on epibenthic receptors, density of the For assessing effects to salt marshes, measures of salt marsh
lobster Holmarus americanus, density, shell length, and con- cord grass (Spartina spp.) cover, cover of other vascular plants,
dition index of the indigenous mussel Mytilus edulis, and bio- morphology of Spartina (height and density of stems, per-
mass of the fucoid Ascophyllum nodosum were evaluated. The centage of reproductive stems, and biomass above ground),
strength of association for lobster and fuciod density was rated number of animal taxa, abundances of amphipods and mol-
low (Table 5) because there is not adequate data to link de- lusks, and ratio of live:dead shells of snails (Littorina littorea)
crease in density to elevated chemical concentrations in en- were evaluated. For each marsh, these measures were evalu-
vironmental media [7]. The strength of association for mussel ated in areas of low marsh dominated by tall Spartina alter-
density, condition index, and length was rated medium because niflora, middle marsh dominated by short S. alterniflora, and
mussels are sessile and there is a plausible link between en- high marsh dominated by Spartina patens. Chemical concen-
vironmental contamination and effects to these measures [7]. trations in Spartina leaves and bulk sediment in each marsh
The study design was weighted low because the sampling were evaluated for measures of exposure. Although most of
intervals were not sufficient to determine whether differences the salt marsh measures incorporated community-level effects,
were statistically significant. Natural stochasticity and the ex- the salt marsh study was descriptive [15] and effects observed
perimental/analytical variability in these measures make the had to be considered as potential only, with further study being
situation worse. needed to check their significance. The weights assigned to

For assessing exposures of epibenthic receptors, chemical the exposure endpoints also had to be reduced because of the
concentrations in estuarine surface water, seep water, and tis- lack of benchmark effects on salt marsh plants and the fact
sues of lobsters, fucoids, and mussels were evaluated. The data that only Spartina leaves, not roots, were analyzed chemically
on chemical concentrations in juvenile lobsters were assigned (Table 5).
a high weight because tagging studies showed that juveniles For assessing exposure to the avian receptors, modeled di-
remained in the proximity of specific depositional areas (while etary exposure to black ducks (omnivores), Canada geese (her-
adults migrated over long distances), the sampling for juvenile bivores), herring gulls (carnivores), and ospreys (piscivores)
lobsters was targeted on areas of known contamination near were evaluated. Because these birds can utilize the entire lower
the shipyard and uncontaminated reference areas, and the sam- estuary, exposures for Portsmouth Harbor were evaluated as
pie size was sufficient to detect statistically significant differ- a whole by using the maximum exposures from food (prey
ences 171. The lack of benchmark concentrations for tissue and plants) and sediment in our calculations. Contaminant up-
residues in lobster, tissues in fucoids, and sediments increased take by birds from estuarine waters was limited to dermal
the uncertainty for measures of epibenthic exposure. contact and was assumed to be negligible. The dietary-expo-

For assessing effects on the benthic community, the density, sure model also assumed that the reference values for toxicity
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Table 5. Continued

Endpoint weight score

Data Strength of Study Endpoint Figure 3
Assessment endpoint measure quality association design weight (Wi) symbol

Salt marsh community: measures of effect
Spartina spp. cover H M M M (2) 19
Spartina spp. morphology H M M M (2) 20
Amphipod abundance H M M M (2) 21
Mollusk abundance H M M M (2) 22
No. of animal taxa H M M M (2) 23
Cover of vascular plants other than Spartina spp. H M M M (2) 24
Ratio of live to dead gastropod (Littorina littorea) shells H L M M (2) 25

Salt marsh community: measures of exposure
Spartina spp. leaf tissue concn. H M M M (2) r
Bulk sediment contaminant concn. H L M M (2) s

Avain receptors: measures of exposure
Dietary exposure to herbivore-Canada goose (Branta canadensis) H M M M (2) t
Dietary exposure to omnivore-black duck (Anas rubripes) H M M M (2) u
Dietary exposure to piscivore-osprey (Pandion haliaetus) H M M M (2) v
Dietary exposure to carnivore-herring gull (Larus argentatus) H M M M (2) w

(based on receptor-specific no-observed-adverse-effect lev- characterized. The agent of toxicity in the sea urchin test was

els-which were adjusted by body wt and uncertainty factors) unknown. This test might have been affected because its water

applied to the receptors of concern [28], that all chemicals samples had been held for too long (samples were collected

were assimilated 90%, that the selected food items comprised September 13-17, 1991, and the tests were conducted October

100% of the diets, and that the receptors fed only in Portsmouth 8-9, 1991), which could either increase or decrease the ob-
Harbor [7]. Incidental sediment ingestion was assumed to be served toxicity [6]. Furthermore, the two deployments of caged
10%, which is conservative based on literature values of the mussels involved different stations, different sampling times,

same or similar species, and food ingestion rates were cal- and different lengths of deployment. These differences may

culated based on species-specific formulas from the literature have created the differences in exposure suggested by the dif-
1281. Exposure duration was assumed to be 12 months for the ferent outcomes (Fig. 3A).
Canada goose, black duck, and herring gull that potentially The weight of evidence for exposure and effects to epi-
overwinter at the site. The osprey was thought to leave the benthic species in Clark Cove indicated medium weight of
site in winter, and therefore exposure was based on a half-year elevated exposure but with no effect (Fig. 3B). One of two
exposure cycle. This approach was unlikely to underestimate fuciod algae monitoring stations in Clark Cove had less bio-
exposures for avian consumers because most of them migrate, mass than the reference area, suggesting a potential effect
because no-observed-adverse-effect levels are usually far be- (plotted as 8 in Fig. 3B). However, measures of mussel density,
low the lowest-observed-effects levels for most contaminants, length, and condition index and lobster density were similar
because assimilation efficiency is probably less than 90% for or greater than reference areas, suggesting no effect (Fig. 3B).
most chemicals, and because maximum concentrations in prey The outcomes also showed high exposure from the chemicals
and incidental exposure to sediment were used in the model, in seep water and in tissues of indigenous mussels, elevated

exposure from concentrations in tissues of juvenile lobster,
Evidence of risk and negligible exposure from the low concentrations of chem-

The weight of evidence for risk was evaluated by plotting icals in cove water and tissues of fucoid algae (Fig. 3B).
the outcomes of exposure and effects measures (Figs. 3A Effects to the benthic community were assessed using high-
through F). The outcomes to pelagic species from the measures ly weighted measures for density, richness and evenness of
of exposure showed evidence of high concentrations in seep the benthic community, and sediment toxicity to amphipods.
samples, elevated exposure in mussel tissues after the fall 1993 Although evenness of species may have been affected, the
deployment (90 d), negligible exposure in mussel tissues after other measures seemed unaffected, and we concluded high
the fall 1991 deployment (28 d), and negligible concentrations weight of no effect (Fig. 3C). The weight of evidence for the
in water samples from the cove. The weight of evidence for measures of exposure to the benthic community was inter-
pelagic receptors in Clark Cove provided for low exposure preted to mean medium weight of elevated exposure (Fig. 3C).
with medium weight (Fig. 3A). For measures of effect, toxicity This conclusion was based on measures of exposure that
to sea urchin fertilization indicated a probable effect, but phy- showed high concentrations of chemicals in bulk sediments,
toplankton biomass and the scope for growth of mussels de- metals in sediments enriched relative to the crust, negligible
ployed in the cove indicated no effect. Since the endpoint exposure from AVS-SEM, and predicted toxicity in pore wa-
weight for phytoplankton biomass was low and the weights ters (Fig. 3C). Uncertainties arose from the lack of data on
for mussel growth and sea urchin toxicity were medium, we seasonal variations of AVS-SEM in sediments and the degree
concluded medium weight of potential effects to pelagic re- to which the sampling locations in the cove properly repre-
ceptors (Fig. 3A). sented its benthic conditions.

Although water from the seeps would be quickly diluted Exposures and effects on eclgrass in Clark Cove were eval-
as it entered the cove, we noted that the seeps were not well uated from measurements on the bed on the northeastern edge
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Table 6. Summary of risk to assessment endpoints in Clark Cove, Maine, USA

Assessment Evidence of Evidence of Magnitude of Confidence in
endpoint effect, exposureb risk conclusions

Pelagic Potential/M Low/M Low Medium
Epibenthic No/M Elevated/M Low Medium
Benthic No/H Elevated/M Low High,
Eelgrass Potentiall/M Elevated/M Intermediate Medium
Salt Marsh No/M Elevated/M Low Medium
Avian, Negligible/M Negligible Medium

"Entry = evidence of effect/endpoint weight (H = high, M = medium, L = low).

Entry = evidence of exposure/endpoint weight (H high, M = medium, L = low).
High concordance between highly weighted measures.
Eelgrass was absent within Clark Cove.
Risk of dietary exposure for Portsmouth Harbor, New Hampshire.

of the cove. Chemicals in leaf and root tissue and in bulk the centroids plotted for each assessment endpoint, which gave

sediment were higher than their respective backgrounds (Fig. the level of exposure or effect and its associated endpoint

3D). No effects were found in any of the measures of mor- weight (e.g., potential/AM). The magnitude of risk was obtained

phology or density measures made in plants sampled from from the combination of exposure and effects evidence defined

Clark Cove. Because inner Clark Cove contained no eelgrass in Table 2. The confidence in conclusion reflected the average

beds, however, we used our professional judgment to interpret endpoint weights obtained for evidence of effects and expo-

the absence of eelgrass to be a potential effect that outweighed sure, the degree of concurrence among the endpoint weights

the measurements of no effect (Fig. 3D). Since most of Clark for evidence of effects and exposure, the degree of concurrence

Cove is too deep to support celgrass anyway, the affected area between conclusions regarding magnitudes of exposure and

is probably limited to suitable eclgrass habitat along the fringes effect, and professional judgment used to qualify conclusions.

of the inner cove. The reason for the absence of eelgrass in For example, we had medium confidence of low risk to pelagic
inner Clark Cove was unknown, and the spatial extent of suit- receptors in Clark Cove because, while there was medium

able eelgrass habitat in Clark Cove was not measured. We used weight of potential effect, there was medium weight of low

professional judgment to reach a medium weight of potential exposure. Similarly, we had high confidence of low risk to

effect and of elevated exposure to eelgrass receptors (Fig. 3D). benthic receptors in Clark Cove because there was high weight
The weight of evidence for exposure and effects to the salt of no effect with medium weight of elevated exposure (Table

marsh community in Clark Cove indicated medium weight of 6).
no effect and elevated exposure (Fig. 3E). While some of the
measures suggested potential effects, most indicated none (Fig. Risks from environmental media

3E). Chemical concentrations in Spartina leaf tissues sug- By relating risk back to exposure to surface water and sed-

gested negligible exposure, but concentrations in bulk sedi- iment, the risk in Clark Cove from its environmental media
ment suggested high exposure (Fig. 3E). While the weight of was estimated. We concluded that there was medium confi-

evidence suggested no effect to the salt marsh community, we dence of low risk from surface water and high confidence of

noted that the low, middle, and high zones of the marsh differed low risk from sediment to ecological receptors. We also con-

greatly. Part of this was probably natural heterogeneity such eluded that there was negligible risk of dietary exposure to

as high numbers of barnacles on rocks increasing the number avian receptors. We qualified these conclusions with the fol-
of animal taxa in the low marsh. Even though the marsh had lowing caveats. The evidence of bioaccumulation in mussels
well-developed substrata of peat, that zone was small; the is probably related to surface water exposure, and the elevated

western two thirds of the seaward edge of the marsh had only concentrations in tissues of juvenile lobsters are related to

a narrow band of tall S. alterniflora present. In addition, some sediment exposure. We also recognized that resuspended fine-

patches of short S. alterniflora communities were not sampled grained sediment in areas like Clark Cove might contribute to

[7,151. the risks from exposure to surface water.

Negligible exposure to avian receptors was concluded be-

cause the calculated hazard index was less than two for all DISCUSSION
dietary pathways (Fig. 3F). All hazard quotients were less than Multiple measures of exposure and effect were obtained

1.0 for all species and food items except for tDDx (hazard from ecological studies of the estuary. Unfortunately, however,
quotient = 1.26) based on a diet of 100% winter flounder by the various measurement data differed in uncertainty, in re-

herring gulls. It was assumed that most feeding scenarios will liability for suggesting harm to the assessment endpoint, and

not reach the level of exposure predicted in the models and in the degree of harm predicted for the endpoint. These dif-

therefore potential risks would be lower that those modeled. ferences made the results very difficult to interpret. Rather
In light of these conditions, we assumed that there was neg- than relying on ad hoc judgment for interpreting risk, all the

ligible risk of exposure to upper food-chain species [7]. available data were systematically evaluated to determine

whether a result added weight to the conclusion of risk or

Interpretation of risk added weight to the conclusion of no risk.

The magnitude and confidence of risk in Clark Cove (Table Because no single measure can satisfactorily determine risk,

6) was defined by combining the evidence for exposure and multiple lines of evidence were used. This weight-of-evidence

effect. The evidence of effect and exposure were obtained from analysis allowed us to derive the risk estimate and confidence
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levels upon which the final conclusions were based. This sys- ment data could yield more highly weighted measures for in-
tematic way of reaching conclusions is intended to be trans- ferring risk.
parent and produces an objective and consistent interpretation Most measures evaluated (Table 5) were weighted high for
of the results. By formulating the conclusions within the con- data quality, medium for strength of relationship, and medium
text of the decision-making process, we used the results from for study design, which indicated moderate to low uncertainties
the weight-of-evidence analysis to develop conclusions about in the measurement data. This was because the studies that
risk that supported risk management decisions at the shipyard. assessed risk were site specific, were directed at specific eco-

logical components and receptors within the area, used stan-

Endpoint weights dardized sampling and analysis, complied with appropriate
procedures for quality control and quality assurance, and pro-

The procedure for weighting endpoints can be thought of vided measurements that applied to the assessment endpoint.
as a means for ranking the relative uncertainty and reliability One of the main limitations of the method is that the mea-
of the measures used in the risk assessment. We weighted surement endpoints must be representative of the assessment
measures high whose data were less uncertain and more re- endpoints and that the results obtained from the measures must
liable for assessing harm to the endpoints. We weighted mea- be indicative of ecological risk. Although the measurement
sures medium and low whose data were more uncertain and endpoints were weighted after the risk-assessment studies were
less reliable. completed, the weighting exercise provided a way to reach a

We assumed that each assessment endpoint was equally consensus and formulate conclusions. This allowed us to keep
important in the overall function of the ecosystem. Within each the characterization of risk focused on the data. Weighting the
assessment endpoint, weights were assigned to the various measurement endpoints during problem formulation [5] would
measures that relate independently to it. (For example, data result in the selection and design of studies that could result
on mussels and lobsters provide information on the epibenthic in more clearly described risks.
assessment endpoint but mussels and lobsters may be affected
differently by stressors.) The weighting scheme helped balance Evidence of risk
the importance of each factor with the quality and usefulness Data for measures of effect were evaluated to determineofat the measure Asumn effeat weeres findinge no efftermine
of the data. Assuming equal weights, finding no effect from whether the outcome added to conclusions that effects on end-
one measure is just as important as finding a potential or prob- points were or were not evident. Measures of exposure were
able effect from another measure. evaluated relative to the conclusions that exposure would or

We felt that quality of data was particularly important to would notcae an efctncthisns measure of or
the ateoris o mesurmen attibues.Dat oflowquaity would not cause an effect. In this sense, measures of exposure

the categories of measurement attributes. Data of low quality with benchmarks of effects (e.g., concentrations in surface

should not be included in the weight-of-evidence analysis be- w ate sediment, or pre col be eval ated in whether
water, sediment, or prey) could be evaluated regarding whether

cause they could lead to spurious conclusions. There is a great the benchmark was exceeded and if so by how much. When

deal of difference between low-quality data and low strength benchmarks were not available (e.g., fuciod algae residues),
of association or study design. Low strength of association or we had to compare the results from the areas of concern with
low study design simply means that less weight will be as- data from reference areas. In turn, reference areas were usedsigned fro reernc areas. for purpose reernc areraeston wehereas
signed to the result for purposes of interpretation, whereas to evaluate effects relative to pristine areas and to other areas
low-quality data cannot be interpreted because they are un- of the estuary. Reference data used for comparison carried the
reliable (e.g., analytical chcmistry data that do not meet min- same relative weight as the measure being evaluated. The ap-
imum quality control/quality assurance objectives). We also propriateness of the reference data was evaluated as part of
considered the possibility that poor data could eliminate im- the study design contribution to the measure's endpoint weight.
portant measures or that superior data could increase the effect While interpreting the weight of evidence, we found that we
of less important measures on conclusions, which could be a had to think in terms of the full body of evidence. This is
problem when including measures that were not related to the especially important when dealing with equivocal results. For
assessment endpoint being evaluated. We avoided this problem example, the weight of evidence for effects to the pelagic end-
by not including the latter kind of measures. We were also point contained conflicting evidence (Fig. 3A). Although tox-
careful to define the relationships between the measures and icity to sea urchin fertilization indicated a probable effect, phy-
the assessment endpoints when weighting the endpoints. toplankton biomass and growth of deployed mussels indicated

The strength-of-association category of attributes (degree no effect. Because these measures had similar weights, no clear,
of association, response to stressor, and utility of measure) can unequivocal conclusion could be identified. Therefore, potential
be considered intrinsic properties of the measure, which means effect was the only accurate description for the pelagic endpoint.
their weights will depend on how sensitive and robust the Here the weight of evidence balanced the evidence rather than
measure is in assessing harm to the assessment endpoint. To tipping the scale, as in a court of law where the greater amount
increase the weight of a measure in this category, one must of evidence can sustain a verdict [29].

demonstrate the relationship between the endpoint and the Alternatively, one might propose that any evidence of an
measure, establish sensitive benchmarks, and improve the sci- effect (or exposure) would fix the conclusion. We rejected this
entific basis for inferring harm. We found that, for most mca- reasoning because additional measures will increase the confi-
sures, the study-design attributes had the greatest opportunity dence in the conclusion and decrease the chance of its being

to improve the overall weight of the endpoint. Low weights swayed by outliers or spurious results. Additionally, one may
were usually assigned to study dcsigns that contained too few be certain of the results of one measure but less confident about
intervals of sampling (i.e., that lacked temporal representa- conclusions drawn from one line of evidence. Individual mea-
tiveness) and whose measures could not differentiate stressor sures are uncertain, but multiple lines of evidence reinforce
responses from natural stochasticity. Improvements in the de- confidence [30]. Basing a conclusion on many lines of evidence
sign and execution of the studies that obtained the measure- will increase confidence in the conclusion even though the un-
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certainties of the individual measures increase the overall un- helped us to synthesize all the qualitative evaluations to that
certainty, point. By linking all the evaluations (weighting the endpoints,

Additional measures may also dilute the evidence for a real evaluating the evidence of exposure and effects, determining
effect. Again, using the evidence of effect to pelagic receptors the magnitude of risk, and attributing the risk to the various
in Clark Cove (Fig. 3A), the probable effect indicated by toxicity media) into one systematic procedure, it is possible to see how
to sea urchin fertilization could only be proposed by ignoring a particular judgment will affect the final conclusion. Accord-
the no effect suggested by phytoplankton biomass and growth ingly, the manner in which we reached the conclusions is
in deployed mussels. Since the assessment endpoint was the transparent. If new information becomes available, we can
health and vitality of pelagic species, toxicity to sea urchin quickly determine how it would change our conclusions. By
fertilization was only a partial indicator for the pelagic species providing clear descriptions of risks and how they were de-
that broadcast their sperm and larvae. The conflicting results rived, the conclusions were intended to support the decisions
affected our confidence. Clearly, if all the lines of evidence were that are part of managing risk at a site. For low, intermediate,
in agreement, we would have much greater confidence in the or high risk, development of preliminary remediation goals
conclusion rendered. Because we agreed that no single measure and feasibility study are recommended and, in cases of high
is conclusive for determining ecological risk [30], judging all risk, removal actions may be warranted. Risk-management de-
the data bolsters the conclusions and results in more accurate cisions should also consider the degree of confidence in the
assessments of risk [1,31-34]. conclusions. Low confidence suggests that additional infor-

We reserved the right to invoke our professional judgment, mation could change the conclusion; high confidence suggests
as we did when concluding a potential effect to eclgrass in the opposite. The background (ambient) risk should also be
Clark Cove (Fig. 3D), if the balance of evidence (centroid) considered to ensure that remedies would not be nullified by
suggested conclusions that were contrary to our overall un- larger scale problems. In this sense, the magnitude of risk may
derstanding. For the most part, this was rarely necessary be- play an important role in setting the priorities for cleanup.
cause we felt that the weight-of-evidence analysis accurately
captured the situation at the sites. By taking care to weight CONCLUSION
the measures accurately and objectively, we developed a rank-
ing system that contained the strengths and weaknesses of the Although the weight-of-evidence approach and the Vdi-

measures. By systematically analyzing the weight of evidence vidual measures from which the risks were evaluated carried
their own uncertainties, the conclusion becomes stronger asand developing a consensus among ourselves, we strove to

eliminate personal or professional bias as much as possible. more information is used [1-2,30-34]. Separating exposure

One of the objectives of every risk assessment is to clearly and effects measures and assigning weights to individual inca-
communicate the results and the major factors that influenced sures allowed us to tie together diverse data from multipletem.Inicharterizingrisks fndthemajor each s ar at o nfloncern w stressors and effects, keep track of the basis for the risk es-th e m . In c h a ra c teriz in g risk s fo r e a c h a re a o f c o n c e rn , w e t m t , a d i c r o a e u c r a n y i t h o c u i n b u
carefully qualified the conclusions by describing their ratio- timate, and incorporate uncertainty into the conclusions about
nale, which consisted of the major sources of confidence and risk. Improvements to the methodology recommended by Men-
of uncertainty. This information is valuable to risk managers zie et al. [5] included plotting the outcomes of exposure andofffct measruinty This therato isti toua viuaiz risk managersf
and other stakeholders because it makes the process of char- effects measures and the centroid to visualize the weight of

acterizing risk easier to understand, more explicit, and hope- evidence, defining risk based on the exposure and effects ev-

fully more widely acceptable. Even though some might not idences, relating the estimate of risk back to the exposure
agree with our conclusions, the process clearly shows how we media, and explicitly expressing the confidence in conclusions.

derived them. This case study showed the utility of the procedures recom-
mended by Menzie et al. [5] and demonstrated that multiple

Risks ftom environmental media lines of evidence can be assigned different weights to develop
conclusions about risk in a manner that was clearly defined,

Believing that contaminants released in the estuary would objective, consistent, and did not rely solely on professional
follow the hypothesized pathways of exposure (Fig. 2), we judgment. We believe that by following the weight-of-evidence
expected the assessment endpoints to respond differently to analysis described here, the strengths and weaknesses of eco-
different pathways. While it is difficult to separate the expo- logical risk assessments can be incorporated into the conclu-
sures from water, sediment, and food, we assumed that the sions about risks and the decisions that will help manage them.
measures used to evaluate the pelagic and benthic assessment
endpoints would be more affected by surface water and sed-
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APPENDIX

Measurement attributes, evaluation criteria, and weighting score values used to weight measures of exposure and effects

Attribute Evaluation criteria Weighting score:

Data quality Did data from the measure attain data quality H = data met all data quality objectives
objectives for sensitivity, precision, accuracy, M = one data quality objective not met
completeness, representativeness, and L = data failed to meet two or more data quality
comparability? objectives; not included in the risk characterization

Strength of Is there a biological linkage between the measure and H = the measure is equivalent or similar to the assessment
association the assessment endpoint, a correlation between the endpoint, a statistically significant correlation exists

measure's response and stressor levels, and is there between stressor levels and the measure's response,
a scientific basis for using the measure to judge there is a high to moderate scientific basis for
environmental harm? inferring environmental harm, and sensitive

benchmarks are available
M = the measure is linked to the assessment endpoint but

the level of biological organization is different,
there is a quantitative relationship between
measurement response and stressor levels, and
although benchmarks may not be available, there is
a moderate scientific basis for inferring harm

L = the measure is affected by factors unrelated to stressor
levels, a correlation between stressor levels and
measurement response is expected but not
demonstrated, benchmarks are not available, and a
relationship between the measure has been
suggested or is expected but the scientific basis for
inferring harm is weak or lacking

Study Design Was the study designed to account for (1) specifics H = the data obtained from the measure met five or six of
of the site, (2) spatial variation, and (3) temporal the evaluation criteria
changes; was the measure (4) sensitive to changes M = the data obtained from the measure met four or five
due to stressor levels; was the measure able to (5) of the six evaluation criteria
provide quantitative data, and was the measure (6) L = the data obtained from the measure was unable to
reproducible, applicable, suitable, and acceptable meet three or more of the six evaluation criteria
for assessing environmental harm?

'Measures were assigned an endpoint weight score of high (H), medium (M), or low (L) relative to their ability to assess harm to the assessment
endpoint.


